The aim of this research was to determine acute toxicity of the essential oil derived from aerial parts of Boenninghausenia sessilicarpa Levl. (Rutaceae) against two grain storage insects, maize weevils (Sitophilus zeamais Motsch.) and red flour beetles (Tribolium castaneum Herbst.). Essential oil of B. sessilicarpa aerial parts was obtained by hydrodistillation and analyzed by gas chromatography-mass spectrometry (GC-MS). A total of 42 components of the essential oil were identified. The principal compounds in the essential oil were α-cadinol (11.97%), carvacrol (8.77%), germacrene D (6.17%), o-cymene (6.13%), 4-terpineol (5.71%), and α-pinene (5.53%). The essential oil exhibited strong contact toxicity against S. zeamais and T. castaneum adults with LD 50 value of 15.25 and 6.02 µg/adult, respectively. The results indicated that the essential oil B. sessilicarpa aerial parts showed potential in terms of acute toxicity against grain storage insects.
INTRODUCTION
Botanical pesticides have the advantage of providing novel modes of action against insects that can reduce the risk of cross-resistance as well as offering new leads for design of target-specific molecules (Isman, 2006) . During the screening program for new agrochemicals from Chinese medicinal herbs, the essential oil of Boenninghausenia sessilicarpa Levl. (Family: Rutaceae) aerial parts was found to possess strong insecticidal toxicity against the maize weevils, Sitophilus zeamais (Motschulsky) and red flour beetles, Tribolium castaneum Herbst. S. zeamais and T. castaneum are the most widespread and destructive primary insect pests of stored cereals (Liu and Ho, 1999) . Infestations not only cause significant losses due to the consumption of grains, they *Corresponding author. E-mail: zhilongliu@cau.edu.cn. Tel: +86-10-62732800. Fax: +86-10-62732800. also result in elevated temperature and moisture conditions that lead to an accelerated growth of molds, including toxigenic species (Magan et al., 2003) . The control of these insects relies heavily on the use of synthetic insecticides and fumigants, which has led to problems such as disturbances of the environment, increasing costs of application, pest resurgence, pest resistance to pesticides and lethal effects on non-target organisms in addition to direct toxicity to users (Zettler and Arthur, 2000) . An alternative to synthetic pesticides is the use of natural compounds, such as essential oils that result from secondary metabolism in plants. The toxicity of a large number of essential oils and their constituents has been evaluated against a number of stored-product insects (Isman, 2000; Rajendran and Srianjini, 2008) .
B. sessilicarpa Levl. (Family: Rutaceae) is a perennial herbaceous plant distributed mainly in the Southwestern China (Yunnan and Sichuan province) and often grown on the marginal area of forest at an altitude of 1500 to used for the treatment of fever, fester and tonsillitis (Jiangsu New Medical College, 1977) . The ethanol extracts of B. sessilicarpa exhibited eminent acaricidal and ovicidal activities against Panonychus citri (McGregor) (Yang et al., 2009) . Previous phytochemical studies on B. sessilicarpa resulted in the identification of seboehausine, rutin, scopolean, umbelliferon, daphnoretin, racemosin, glucoside 9'-methoxyl rutarensin, rutamarin, leptodactylone, shijiaocaolactone A and matsukaze lactone (Chen, 1989 (Chen, , 1990 Hao and Zhao, 1994; Luo et al., 1987; Yang et al., 2007; Wu et al., 2011) . The chemical composition of B. sessilicarpa essential oil was also studied previously (Zhao et al., 1986) . However, no reports on insecticidal activity of B. sessilicarpa essential oil against stored product insects were available so far. This study analyses the chemical composition and toxicity of essential oil of B. sessilicarpa against the two grain storage insects.
MATERIALS AND METHODS

Plant material
Dried aerial parts (5 kg) of B. sessilicarpa (harvested from Wuding City, Yuannan Province) were purchased Anguo Chinese Herbs Market (Hebei Province 071200, China). The medicinal herb was identified by Dr. Liu Q. R. (College of Life Sciences, Beijing Normal University, Beijing 100875, China) and a voucher specimen (CMHShijiaocao-Yunnan-2010-05) was deposited in the Department of Entomology, China Agricultural University. The aerial parts were ground to powder using a grinding mill (Retsch Mühle, Germany). Each 600 g portion of powder ground was mixed in 1800 ml of distilled water and soaked for 3 h. The mixture was then boiled in a round-bottom flask, and steam distilled for 6 to 8 h. Volatile essential oil from distillation was collected in a flask. Separation of the essential oil from the aqueous layer was done in a separatory funnel, using the non-polar solvent, n-hexane. The solvent was evaporated using a vacuum rotary evaporator (BUCHI Rotavapor R-124, Switzerland). The sample was dried over anhydrous Na2SO4 and kept in a refrigerator (4°C) for subsequent experimen ts.
Insects
The maize weevils (S. zeamais) and red flour beeltes (T. castaneum) were obtained from laboratory cultures maintained for the last 15 years in the dark in incubators at 29 to 30°C and 70 to 80% relative humidity. The red flour beetle was reared on wheat flour mixed with yeast (10:1, w/w) while the maize weevils were reared on whole wheat at 12 to 13% moisture content in glass jars (diameter 85 mm, height 130 mm) at 29 to 30°C and 70 to 80% relative humidity. Unsexed adult weevils and beetles used in all the experiments were about 2 weeks old.
Gas chromatography-mass spectrometry
The essential oil of B. sessilicarpa aerial parts was subjected to GC-MS analysis on an Agilent system consisting of a model 6890N gas chromatograph, a model 5973N mass selective detector (EIMS, electron energy, 70 eV), and an Agilent ChemStation data system. The GC column was an HP-5ms fused silica capillary with a 5% Liu et al. 2921 phenyl-methylpolysiloxane stationary phase, film thickness of 0.25 µm, a length of 30 m, and an internal diameter of 0.25 mm. The GC settings were as follows: The initial oven temperature was held at 60°C for 1 min and ramped at 10°C min −1 to 180°C held for 1 min, and then ramped at 20°C min −1 to 280°C and held for 15 min. The injector temperature was maintained at 270°C. The sa mple (1 µl) was injected neat, with a split ratio of 1: 10. The carrier gas was helium at flow rate of 1.0 ml min −1 . Spectra were scanned from 20 to 550 m/z at 2 scans s −1 . Most constituents were identified by gas chromatography by comparison of their retention indices with those of the literature (Zhao et al., 1986) or with those of authentic compounds available in our laboratories. The retention indices were determined in relation to a homologous series of n-alkanes (C8 to C24) under the same operating conditions. Further identification was made by comparison of their mass spectra with those stored in NIST 08 and Wiley 275 libraries or with mass spectra from literature (Adams, 2007) . Component relative percentages were calculated based on normalization method without using correction factors.
Contact toxicity
Range-finding studies were run to determine the appropriate testing concentrations of the essential oil. A serial dilution (4.0 to 10.0% V/V for S. zeamais, 0.5 to 5.0% V/V for T. castaneum, six concentrations) of the essential oil was prepared in n-hexane. Aliquots of 0.5 µl per insect were topically applied dorsally to the thorax of insects, using a Burkard Arnold microapplicator. Controls were determined using 0.5 µl n-hexane per insect. Ten insects were used for each concentration and control, and the experiment was replicated six times. Both treated and control insects were then transferred to glass vials (10 insects/vial) with culture media and kept in incubators at 29 to 30°C and 70 to 80% relat ive humidity. Mortality was observed after 24 h. Results from all replicates were subjected to probit analysis using the PriProbit Program V1.6.3 to determine LD50 values (Sakuma, 1998) .
RESULTS AND DISCUSSION
The yellow essential oil yield of B. sessilicarpa aerial parts was 0.35% (V/W) and the density of the concentrated essential oil was determined to be 0.85 g/ml. The chemical compositions of the essential oil are summarized in Table 1 . A total of 42 components of the essential oil were identified, accounting for 95.12% of the total oil. The principal compounds in B. sessilicarpa essential oil were α-cadinol (11.97%), carvacrol (8.77%), germacrene D (6.17%), o-cymene (6.13%), 4-terpineol (5.71%), and α-pinene (5.53%) followed by (-)-spathulenol (4.33%) and cadalene (4.22%). The result is quite different from the previous report. For example, Zhao et al. (1986) determined that the major constituents of the essential oil included 4-terpineol (30.62%), ρ-cymene (9.94%), caryophyllene oxide (7.40%), myrtenal (5.69%) and α-terpineol (5.69%) followed by β-phellandrene (4.03%), sabinene (3.44%), and β-pinene (3.11%). These differences might have been due to harvest time and local, climatic and seasonal factors as well as storage duration of medicinal herbs. Further studies on plant cultivation and essential oil standardization are needed because chemical composition of the essential oil varies greatly with the plant population. The *RI, retention index as determined on a HP-5MS column using the homologous series of n-hydrocarbons.
essential oil of B. sessilicarpa exhibited contact toxicity against S. zeamais and T. castaneum adults with LD 50 values of 15.25 and 6.02 µg/adult, respectively (Table 2) . When compared with the positive control (pyrethrum extract, 25% pyrethrine I and pyrethrine II), the essential oil demonstrated weaker acute toxicity (3.5 times and 17 times less toxic) against S. zeamais and T. castaneum adults because the pyrethrum extract has acute toxicity Li et al. (2010) and Liu et al. (2010a) .
to adults of the maize weevils and red flour beetles with LD 50 values of 4.3 and 0.36 µg/adult, respectively (Li et al., 2010; Liu et al., 2010a) . However, compared with the other essential oils in the literature, the essential oil of B. sessilicarpa aerial parts possessed stronger contact toxicity against S. zeamais adults, e.g. essential oils derived from Litsea cubeba and Litsea salicifolia with LC 50 values of 107 and 79 µg/adult, respectively (Ko et al., 2009 (Ko et al., , 2010 , essential oils of Artemisia lavandulaefolia, Artemisia sieversiana, Artemisia capillaries, Artemisia mongolica, and Artemisia vestita (LD 50 = 55.2, 113.0, 106.0, 87.9 and 50.6 µg/adult, respectively) (Liu et al., 2010a, b; Chu et al., 2010a) , essential oil of Schizonpeta multifida (30.2 µg/adult) (Liu et al., 2011a) , essential oil of Illicium simonsii fruits (LD 50 = 112.7 µg/adult, Chu et al., 2010b) , essential oils from Zanthoxylum schinifolium fresh fruits (LD 50 = 15.9 µg/adult) and leaves (LD 50 = 35.3 µg/adult) (Wang et al., 2011) . Moreover, compared with the other essential oils in the literature, the essential oil of B. sessilicarpa aerial parts possessed stronger contact toxicity against T. castaneum adults, e.g. essential oils derived from L. cubeba and L. salicifolia with LC 50 values of 212 and 111 µg/adult, respectively (Ko et al., 2009 (Ko et al., , 2010 , essential oil of Murraya exotica (20.9 µg/adult, Li et al., 2010) , Ostericum sieboldii essential oil (8.5 µg/adult, Liu et al., 2010b) . The aforementioned findings suggest that the essential oil of B. sessilicarpa aerial parts show potential for development as a novel natural insecticide for grain storage products. However, for the practical application of the essential oil as a novel insecticide, further studies on the safety of the essential oil to humans and on development of formulations are necessary to improve the efficacy and stability, and to reduce cost. Moreover, the isolation and identification of the bioactive compounds in the essential oil of B. sessilicarpa aerial parts are of utmost importance so that their potential application in controlling stored-product pests can be fully exploited.
Conclusion
The composition of the essential oil derived from B. sessilicarpa aerial parts was determined by GC-FID and GC-MS. The essential oil was demonstrated to exhibit strong contact toxicity against the two grain storage insects. Although its contact toxicities against the two grain storage insects were 3.5 or 17 times less than that of the positive control, the essential oil exhibited stronger toxicity than most of the reported essential oils in the literature. These findings suggest that the essential oil of B. sessilicarpa aerial parts possess potential for development as a novel natural insecticide for stored products. Further studies are required to isolate and identify these active components from the essential oil.
